Immortal human cells maintain telomere length by the expression of telomerase or through the alternative lengthening of telomeres (ALT). The ALT mechanism involves a recombination-like process that allows the rapid elongation of shortened telomeres. However, it is not known whether activation of the ALT pathway affects other sequences in the genome. To address this we have investigated, in ALT-expressing cell lines and tumours, the stability of tandem repeat sequences known to mutate via homologous recombination in the human germline. We have shown extraordinary somatic instability in the human minisatellite MS32 (D1S8) in ALT-expressing (ALT1) but not in normal or telomerase-expressing cell lines. The MS32 mutation frequency varied across 15 ALT1 cell lines and was on average 55-fold greater than in ALT2 cell lines. The MS32 minisatellite was also highly unstable in three of eight ALT1 soft tissue sarcomas, indicating that somatic destabilization occurs in vivo. The MS32 mutation rates estimated for two ALT1 cell lines were similar to that seen in the germline. However, the internal structures of ALT and germline mutant alleles are very different, indicating differences in the underlying mutation mechanisms. Five other hypervariable minisatellites did not show elevated instability in ALT-expressing cell lines, indicating that minisatellite destabilization is not universal. The elevation of MS32 instability upon activation of the ALT pathway and telomere length maintenance suggests there is overlap between the underlying processes that may be tractable through analysis of the D1S8 locus.
INTRODUCTION
Human cells that express the ALT pathway (ALTþ) have very heterogeneous length telomere repeat arrays (1) , and single telomeres shorten gradually in culture but undergo rapid elongation, gaining many kilobases of DNA, probably in a single extension event (2) . A class of human telomere mutations, seen only in ALTþ human cells, are characterized by truncation of the progenitor allele and fusion to a telomere repeat array from elsewhere. The breakpoints in such mutant telomeres can occur very close to the start of the telomere repeat array and locate to consensus TTAGGG or sequence variant repeats. These ALT-associated telomere mutations most likely arise through a recombination-like mechanism (3) . Similar mechanisms for telomere length maintenance have been discovered in a variety of other species, some of which lack telomerase activity (4, 5) . Yeast (Saccharomyces cerevisiae ) normally maintains telomere length via telomerase but strains deficient in either the RNA or reverse transcriptase component of telomerase can survive crisis by activation of recombination-based pathways dependent on the RAD52 gene (6, 7) . Yeast survivors can be subdivided into two types (8) . Type I survivors show gross amplification of subterminal repeat sequences called Y 0 elements but the chromosomes still terminate with a telomere repeat array. Y 0 element amplification is dependent on the RAD52 and RAD51 genes (9) . Yeast Type II survivors are dependent on the RAD52, RAD50 and other genes and have heterogeneous length telomeres that show a similar pattern of shortening and sudden elongation to that observed in human ALTþ cells (6, 10 1785-1794 doi:10.1093/hmg/ddi185 Advance Access published on May 11, 2005 Knowledge of the proteins involved in the human ALT pathway is largely indirect and primarily from the study of specialized PML bodies found in a proportion of ALTþ cells (reviewed in 11). These bodies are nuclear structures found in many cell types and contain the PML protein (11) and other components, some of which may be cell type specific. ALT-associated PML bodies (APBs) contain extrachromosomal telomeric DNA sequences and the telomere binding proteins TRF1 and TRF2, which are not found in PML bodies of other cell types. APBs also contain a range of proteins involved in DNA damage repair and replication, some of which are found in PML bodies in other cell types (12 -14) . It is not clear, however, what role APBs play in the recombination-like mechanism that underlies telomere elongation in ALTþ cells.
The recombination-like events in ALTþ cells affect telomere repeat arrays but not subterminal sequences (15) and it appears that more general homologous recombination is not elevated in ALT-expressing cells (16) . However, the effect of activation of the ALT pathway on other tandem repeat loci has not been investigated extensively in human cells. To address this, we have studied the instability of minisatellite loci in ALTþ and ALT2 cells. Initially we selected the wellcharacterized hypervariable human minisatellite MS32 (locus D1S8). MS32 is located interstitially on chromosome 1 (1q42.3) and is composed of a tandem array of 29 bp repeat units that are GC-rich (62%) (17) . Alleles vary in size from 12 to more than 800 repeat units. Mutations that alter the number of repeats can be assayed at the single DNA molecule level by PCR amplification across the array, followed by size resolution in an agarose gel. The MS32 minisatellite has a high male germline mutation rate (0.81% per sperm) with the majority of mutants (.80%) arising from cross-over or conversion-like events between alleles most likely arising at meiosis (18) . These germline exchange events cluster at one end of the repeat array and appear to be driven by a meiotic recombination hotspot centred 200 bp from the start of the repeat array (19) . The frequency of somatic mutations in blood DNA is much lower (0.004% per haploid genome) and the mutations tend to be simple insertion or deletion events distributed throughout the array (20) .
RESULTS
To investigate the frequency of MS32 length mutations in normal (telomerase2 ALT2), ALTþ and telomeraseþ cell lines, we PCR-amplified MS32 alleles from many clonal DNA samples derived from single cells from six different cell lines. All three ALTþ cell lines (WI38VA13/2RA, IIICF/a2, JFCF.6T-1J.11E) showed a very high level of MS32 instability, with 45% of alleles analysed in the WI38VA13/2RA ALTþ clones showing clear length changes compared to ,2% in the telomeraseþ (HT1080, NT2D1) or normal (WI38) cell lines ( Fig. 1A ; Table 1 ). In some of the ALTþ clonal DNA samples (111CF/a2, in particular), multiple faint bands were amplified and clear progenitor alleles (alleles present in the cell that seeded the clone) could not be identified. This suggested that the MS32 minisatellite continued to be extremely unstable during expansion of the clones. To investigate this instability further, we amplified multiple small aliquots of genomic DNA (small pool-PCR) (21) from a variety of cell lines to analyse the frequency of mutant MS32 molecules. Very few molecules containing MS32 length mutations were observed in the WI38 normal (ALT2 telomerase2), IIICF/a2 precrisis (ALT2 telomerase2), JFCF6-T.5K precrisis (ALT2 telomerase2), HT1080 (telomeraseþ) and NT2D1 (telomeraseþ) cell lines analysed. In contrast, extraordinary instability of the MS32 minisatellite was seen in three ALTþ cell lines analysed [IIICF/a2 (ALTþ), WI38VA13/2RA (ALTþ), JFCF6-T.1J/ 11E (ALTþ)] (Fig. 1B and data not shown) .
MS32 mutation frequencies vary in ALT1 cell lines
Accurate mutation frequencies at the MS32 locus were determined for 20 cell lines: 14 unrelated cell lines plus six cell lines that arose as independent immortalization events from a common progenitor line (JFCF6-T cell lines). The mutation frequencies were determined using small-pool PCR to count mutant MS32 molecules and Poisson analysis of single molecule dilutions to estimate the overall number of amplifiable molecules analysed (Table 2 ) (21) . The limitation of size resolution in agarose gels means that the mutation frequencies are underestimates. The mutation frequencies of the four telomeraseþ cell lines and the GM02096 (telomerase2 ALT2) cell line were low (0 -0.014; average 0.0062) whereas the mutation frequencies in the 15 ALTþ cell lines varied widely (0.034 -0.93, average 0.345). Interestingly, the five ALTþ cell lines that arose from the same precursor also showed a wide range of MS32 mutation frequencies (JFCF6-T cell lines Table 2 and Fig. 1C ). The reason for the considerable variation in MS32 mutation frequencies among the ALTþ cell lines is unknown but the length of the repeat array may be a factor, as some short alleles are more stable than longer alleles in ALTþ cell lines (e.g. IIICF lines, Fig. 1C, left) . There are, however, some exceptions; for example, the JFCF6-T.1J/11E cell line has longer alleles that are more stable that those in the JFCF6-T.1J/1D cell line (Fig. 1C , right and data not shown).
The MS32 minisatellite is highly unstable in a proportion of ALT1 soft tissue sarcomas DNA samples from 18 adult sarcomas were assayed (blindly) for MS32 instability, as discussed earlier. The ALT status, based on telomere length, length heterogeneity, detection of APBs, and telomerase activity, had been determined previously for these 18 tumour samples (22) . Table 3 shows that three of eight ALTþ tumours showed very high MS32 instability whereas none of 10 ALT2 samples showed high MS32 instability, giving an overall concordance of 72% between MS32 instability and ALT expression. High MS32 instability could pass undetected if the ALTþ tumour sample contained a significant amount of DNA from normal cells, but the proportion of DNA from normal cells would have to be .50%. Instead it seems more likely that high MS32 instability is only seen in a subset of ALTþ tumours and it raises the possibility that these ALTþ tumours are a distinct subset that may show wider effects of genome
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instability. Interestingly, the three tumours with high MS32 instability also showed APBs in a large proportion of cells (Table 3) .
ALT1 cell lines do not show instability at all minisatellites in the genome
To determine whether the instability of the MS32 minisatellite was indicative of genome-wide instability of hypervariable GC-rich minisatellites in ALT-expressing cells, we analysed four other minisatellites in the clone-derived DNA samples from two ALTþ and two telomeraseþ cell lines ( Table 1) . The four minisatellites, MS31A (D7S21), CEB1(D2S90), MS205 (D16S309) and B6.7 are all located in terminal regions of human chromosomes and all show germline instability with reported mutation rates of 1.2, 13, 0.5 and 7% per sperm, respectively (23 -26) . However, none of these minisatellites showed elevated instability in ALTþ clones, and indeed the frequency of mutant alleles at these loci was similar to the frequency of mutant MS32 alleles in telomeraseþ cell lines. Clearly, not all minisatellites are highly unstable in ALT-expressing cells.
Comparison of the MS32 mutation rate and mechanism in ALT1 cell lines and the germline
The MS32 mutation rate per cell division was determined by clonal expansion of single ALTþ cells from the IIICF/a2 (ALTþ) and WI38VA13/2RA (ALTþ) cell lines, for an estimated number of population doublings. Following DNA extraction, mutation frequencies were determined for three or four clones from each cell line and used to estimate the mutation rate per cell division ( Table 4 ). The average mutation rate for the IIICF/a2 (ALTþ) cell line (0.94% per cell division) was higher than for the WI38VA13/2RA (ALTþ) cell line (0.36% per cell division), consistent with the mutation frequencies for these cell lines (Table 2) . Variation in the size of the progenitor alleles between clones might affect the mutation rate; for example, the larger and smaller alleles in IIICF/a2 (ALTþ) clone 5G5 have different mutation rates (Table 4) . Minisatellite variant-repeat mapping by PCR (MVR -PCR) (27) maps the order of sequence-variant repeats in the array. PCR priming within the repeat array is initialized by tagged MVR primers that each anneal to one of the four sequence variant repeats (E,e,Y,y) commonly found in MS32 repeat arrays. The tagged MVR primers include a non-complementary sequence at the 5 0 end (TAG) that is used in conjunction with an MS32-adjacent primer to drive the amplification. Four PCRs, each containing the MS32-adjacent primer, a low concentration of one of the four MVR tagged primers and the TAG primer, generate amplicons that are subsequently size separated to reveal the distribution of sequence variant repeats along the MS32 array. MVR maps can be generated for single alleles when a heterozygous SNP adjacent to the minisatellite is exploited for allele-specific amplification.
Comparison of mutant and progenitor MS32 MVR maps has revealed the molecular mechanisms that underlie germline and somatic instability at this locus (20, 21) . Therefore, we used MVR-mapping to compare MS32 alleles in the WI38 normal and WI38VA13/2RA ALTþ cell lines. Both cell lines are heterozygous for the H1C/G SNP, 311 bp from the start of the MS32 repeat array. The WI38VA13/2RA (ALTþ) cell line has three copies of the MS32 minisatellite in most cells: two associated with the H1C allele and one The number of alleles scored varied between minisatellites and cell lines, depending on the size of the alleles (PCR amplification of long repeat arrays can be inefficient) and on the number of clonal DNA samples analysed. Therefore, the mutation frequency obtained from the clonal DNA samples for each cell line is given as the number of length mutant alleles divided by the total number of alleles scored.
b
The clonal DNA samples from the IIICF/a2 and the JFCF6-T.1J/11E ALTþ cell lines showed multiple bands from the MS32 minisatellite such that the progenitor allele(s) for each clone could not always be identified. Therefore, the mutation frequency is given as the number of clones showing mutant length bands divided by the total number of clones analysed. The mutation frequency and confidence intervals were estimated by maximum likelihood analysis of the numbers of mutants observed in each smallpool-PCR reaction, together with the number of small-pool-PCR reactions containing non-mutant MS32 progenitor allele(s) and the number of Poisson reactions containing MS32 molecules. The mutation rate and overall number of MS32 molecules in the sample were varied to identify values that maximized the probability P of obtaining the entire data set. Confidence intervals were estimated from values that gave P ¼ 0.1P max .
d GM02096 was included as an example of a cell line that does not maintain telomere length. The cell line is from a patient with xeroderma pigmentosum.
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with the H1G allele. Partial MS32 MVR-maps were generated from both alleles in the WI38 normal cell line ( Fig. 2A) and from the H1G-associated allele in clonal DNA samples from the WI38VA13/2RA (ALTþ) cell line (Fig. 2B) . The 21 H1G-associated alleles mapped from the WI38VA13/2RA (ALTþ) clones all share similar repeat interspersions that differ from the H1G-associated allele in the WI38 cell line [precursor to WI38VA13/2RA (ALTþ) cell line]. Some of the H1G-associated alleles in the WI38VA13/2RA (ALTþ) clones contain other changes that have only been seen once (e.g. clone 1) while other differences are shared by a subset of alleles (e.g. in clones 2, 11 and 18). In short, the mutations identified include changes of repeat types, deletions and insertions that distinguish individual or subsets of alleles and they must have occurred after activation of the ALT pathway.
Comparison of the consensus H1G map from WI38VA13/ 2RA (ALTþ) clones with the WI38 H1G allele shows a change of the first repeat (E to e), four insertions of nine, five, seven and two repeats and one deletion of 13 repeats (Fig. 2C) . Partial triplication of the YYeYYeYEeYEYe motif in the WI38-H1G allele may account for the nine repeat insertion (Fig. 2C, underlined in red) but the origins of the other insertions are unknown. The timing of these mutations with respect to activation of the ALT pathway is uncertain but, given the instability of the MS32 minisatellite in ALTþ cells, it seems most likely they arose after activation of the ALT pathway.
In summary, the mutations identified in the MS32 minsatellite are not clustered towards one end of the array, as seen in the germline, nor are they all simple insertion or deletion events, as seen in the rare mutants found in normal somatic cells (20) . Overall, the mutant alleles in the WI38VA13/2RA (ALTþ) clones appear to be composites that have arisen from sequential mutations at the MS32 locus, consistent with the high MS32 mutation rate in the ALTþ cells.
DISCUSSION
Low level instability at minisatellite loci in tumour DNA samples was first noted through analysis of DNA fingerprints (28) . A more extensive analysis of colorectal and gastric adenocarcinomas showed instability at five single minisatellite loci, including MS32 and the maximum mutation rate at MS32 was estimated at 4 Â 10 26 per cell division (29). Although not tested, the majority of tumours in that study will have expressed telomerase, as seen in other surveys of colon and gastric tumours (30) . Thus, the low frequency of MS32 instability we detected in telomeraseþ cell lines and tumours is consistent with these observations. In contrast, the extraordinary instability that we detected at MS32 in ALTþ cell lines, 2000-fold greater than seen in normal somatic DNA or tumours, has not been detected before and Number of population doublings each clone underwent prior to harvesting for DNA extraction. c The mutation rate (m) per cell division was obtained from the frequency of non-mutant molecules in the final cell population ¼ (1 2 m) n , where n is four less than the number of population doublings, because mutant bands that arose in the first four cell divisions (frequency . 6.25%,) would have been counted only once. Replica1: the high molecular weight genomic DNA from each clone was diluted for small pool-PCR analysis of the MS32 locus. e Replica 2: the high molecular weight genomic DNA from each clone was digested with MboI prior to dilution for small-pool-PCR analysis of the MS32 locus.
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it indicates that activation of the ALT pathway destabilizes this minisatellite in cell lines and in a significant proportion of ALTþ soft tissue sarcomas. However, it does not have a universal destabilizing effect on all minisatellites. Modest instability seen in DNA fingerprints of an ALT-expressing cell line and subclones from it corroborate our observation (31). Our analysis suggests that the MS32 mutation mechanism in ALTþ cells differs from that of the germline where frequent complex inter-allelic exchanges dominate (18) . In normal somatic cells, the rare MS32 mutations most likely arise from simple intra-allelic events arising from slippage during replication or unequal sister-chromatid exchange. It is intriguing then that ALTþ cells appear to have elevated levels of inter-telomeric exchange that may arise from sisterchromatid exchange (32, 33) . However, curiously, activation of the ALT pathway does not destabilize all the GC-rich minisatellites investigated, although they all mutate by recombination mechanisms in the germline. Activation of the ALT pathway may relax a general repression of recombinationlike processes at telomeres but the coincident effect on other loci in the genome (such as MS32) may depend on diverse factors (e.g. chromatin status). The MS31A, CEB1, MS205 and B6.7 minisatellites differ from the MS32 minisatellite, as they are all located in proterminal regions towards the ends of human autosomes. Proterminal regions of chromosomes are proficient at homologous recombination during meiosis and they are rich in hypervariable minisatellites (34) . This raises a question as to whether minisatellites located at interstitial sites in the genome are more accessible to proteins utilized by the ALT pathway compared with minisatellites in proterminal regions. To begin to address this question, we have used small pool PCR to investigate instability at the MS1 minisatellite (D1S7) in eight ALTþ cell lines (WI38VA13/2RA, U2-OS, IIICF/a2, AT13LA, G292, SUSM1, W-V, JFCF6-T.1J/1D). The MS1 minisatellite comprises a tandem repeat array based on a 9 bp repeat unit (17, 35) and it is located at an interstitial site on the short arm of chromosome 1 (1p35.2). The MS1 minisatellite did not show a highly elevated level of instability in ALTþ cell lines [average mutation frequency across the eight ALTþ cell lines ¼ 0.0023 (5/2205), data not shown], indicating that a simple relationship between minisatellite location and instability in ALTþ cells does not explain our observations. Alternatively, the MS32 minisatellite may have specific properties (as yet unidentified) that facilitate instability when the ALT pathway is active. However, similarity between the sequence of the MS32 repeat unit and telomere repeats is an unlikely explanation as there is less similarity between the MS32 repeat and telomere repeats than between telomere repeats and the MS1 repeat sequence (Fig. 2D) .
Our survey of MS32 instability in sarcomas revealed that a subset of ALTþ tumours but none of the telomeraseþ tumours showed excessive MS32 instability. MS32 instability in some ALTþ tumours may be an indicator of greater genome instability or of a higher level of ALT activity and therefore greater telomere length maintenance. Either way, MS32 instability in ALTþ tumours may be a useful diagnostic marker and further investigation of this locus in other mesenchyme-derived tumours will be revealing. Furthermore, analysis of the MS32 minisatellite will undoubtedly increase our understanding of the pathway that underlies telomere length maintenance in ALTþ cells.
MATERIALS AND METHODS

Cell lines and DNA samples
The WI38 normal (ALT2 telomerase2), HT1080 (tumourderived, telomeraseþ), NT2D1 (tumour-derived, telomeraseþ), WI38VA13/2RA (ALTþ) cell lines were obtained from the European Collection of Cell Cultures (ECACC). The Saos-2 (tumour-derived, ALTþ) and U2-OS (tumour-derived, ALTþ) cell lines were a gift from P. Salomoni. The cell lines IIICF/a2 precrisis (ALT2 telomerase2), IIICF/a2 (ALTþ), JFCF6-T.5K precrisis (ALT2 telomerase2), JFCF6-T.1J/11E (ALTþ) have been described before (3). All cell lines were grown and manipulated using standard techniques. DNA was extracted from cells grown to confluence in 80 cm 2 flasks, using standard techniques. Clonal DNA samples from the WI38 (normal), WI38VA13/ 2RA (ALTþ), IIICF/a2(ALTþ), JFCF6-T.1J/11E (ALTþ), HT1080 (telomeraseþ) and NT2D1 (telomeraseþ) cell lines have been described before (3). Other DNA samples from cell lines AT13LA (ALTþ), ATBR44neo (ALTþ), G292 (tumour-derived cell line, ALTþ), GM847DM (ALTþ), SUSM1 (ALTþ), W-V (ALTþ), Met5A (telomeraseþ), GM02096 (ALT2 telomerase2), JFCF6-T.1R (ALTþ), JFCF6-T.1D (ALTþ), JFCF6-T.1J/1D (ALTþ), JFCF6-T.IJ/ 5H (ALTþ), JFCF6-T.1F (telomeraseþ), IIICF-E6E7/C4 (ALTþ), IIICF-T/A6 (ALTþ) were provided by Reddel. The status of the ALTþ cell lines used had been determined previously by the absence of telomerase activity using the Telomere Repeat Amplification Protocol (TRAPeze, Intergen), and detection of characteristic ALTþ telomere length heterogeneity by TRF analysis (1, 12) . Henson and Pollock provided DNA samples from 18 adult sarcomas (15 soft tissue sarcomas and three osteosarcomas) from patients at the MD Anderson Cancer Centre, Houston, TX, USA (22) .
Cloning ALT1 cell lines to determine the MS32 mutation rate per cell division
The WI38VA13/2RA (ALTþ) and the IIICF/a2 (ALTþ) immortal cell lines were cloned by dilution of a single-cell suspension in growth medium to 8 cells/ml. Aliquots (100 ml) were dispensed into each well of a 96-well plate, giving an average cell count of 0.8 cells per well. Colonies that arose from a single cell (determined by visual inspection) were transferred to 25 cm 2 flasks to allow further expansion. Total cell counts were obtained for each clone when the cells were harvested for DNA extraction.
PCR amplification of the MS32 minisatellite in bulk and clonal DNA samples PCR across the MS32 minisatellite was conducted with universal primers MS32B and MS32E that amplify all alleles and anneal 380 and 75 bp upstream and downstream from the repeat array, respectively (20, 36) . Allele-specific amplification was conducted from the H1C/G SNP using either the H1C or H1G primer in place of the MS32B universal primer. PCR reactions (total volume, 10 ml) included 50 ng genomic DNA in 1Â PCR buffer (37) with flanking primers (1 mM) and 0.1 U/ml Taq DNA polymerase (ABgene). The PCRs were cycled at 968C for 1 min and then 20 times at 968C for 20 s, 628C for 30 s, 708C for 7 min. Very long MS32 alleles were amplified under long range PCR conditions by the addition of Tris base (12 mM), the Taq DNA polymerase was reduced to 0.07 U/ml and Pfu DNA polymerase added at 0.015 U/ml (Stratagene). The PCR products were resolved in 0.8 -1.0% LE agarose gels (BioWhittaker) and transferred to Hybond Nfp (Amersham Pharmacia Biotech) for Southern blot hybridization to a 32 P-labelled MS32 tandem repeat probe (17) .
PCR amplification of MS32 minisatellite molecules from small aliquots of genomic DNA (small-pool PCR)
Amplification of small aliquots of genomic DNA was achieved as described previously (18) from either high molecular weight genomic DNA or genomic DNA that had been digested with the Mbo I restriction endonuclease (NEB). The DNA was then diluted to 4 mg/ml in 5 mM Tris-HCl (pH 7.5) with 1 ng/ml of high molecular weight salmon sperm DNA as a carrier. The DNA samples were further diluted to the desired concentration and finally into the PCR mix containing the PCR primers MS32B and MS32E (0.2 mM), 1Â PCR buffer, Tris base (12 mM), Taq (0.07 U/ml), Pfu (0.015 U/ml) and 1 ng/ml salmon sperm DNA. Multiple 10 ml PCR reactions were then cycled 23 times at 968C for 20 s, 628C for 30 s, 708C for 10 min and then once at 568C for 1 min, 708C for 10 min. The amplified products were resolved in an agarose gel and detected as described earlier.
PCR for Poisson analysis of single MS32 molecules was conducted as for small-pool PCR but the DNA was diluted further such that each of 40 reactions contained an estimated 0.5 molecules. The number of positive PCRs were used to estimate the number of amplifiable molecules present in the small pool reactions, as described elsewhere (18) .
PCR amplification of other minisatellites in bulk and clonal DNA samples
The MS205 minisatellite (D16S309) was amplified from 50 ng of clonal DNA samples using universal PCR primers MS205A and MS205B (38) at 1 mM. The PCRs were cycled at 968C for 1 min, then 26 times at 968C for 1 min, 678C for 1 min, 708C for 5 min. The MS31A minisatellite (D7S21) was similarly amplified with the MS31A and MS31B primers cycled at (24) . The B6.7 minisatellite was amplified from 25 ng genomic DNA in the presence of the 67A and 67B primers (0.4 mM) for 31 cycles (26) . Products from the CEB1 and B6.7 minisatellites were visualized directly in an agarose gels.
MS32 MVR -PCR analysis
MVR-PCR was conducted as described before (27) . The reactions included the TAG primer and a flanking primer, H1C or H1G at 0.2 mM. Each reaction also included 1 -2 nM of one of the four MS32 sequence variant detector primers TAG-CG, TAG-CA, TAG-TA, TAG-TG that detect e, E, Y and y repeat types, respectively. The PCR products were resolved in a 1.2% agarose gel and analysed by Southern blot hybridization as described earlier.
